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Abstract

sc2is a new implementatiorof the Streams-C[3 language and compiler Thismanualdescribeghe Streams-Ganguage
andsc2compilerstructue. The Streams-Cprogrammingmodelis that of communicatingprocessesA systenctonsistsof a
collectionof processeshat communicataising streamsand signals. Processegan run either in softwae on corventional
processos (SP)or in hardware on FPGA processos (HP). Processeqand their associatedstream and signals)can be
createddynamicallyby other softwae processes.

Thesc2compiler which consistsof several passesisingthe Stanfod University IntermediateFormat (SUIF) infrastruc-
ture, is usedto compileFPGA processesThecompilertranslatesa subsetof C into RegisterTransferLevel (RTL) VHDL
thatis synthesizablen FPGAs.

Thesc2compilerpassesre freelyavailablefor noncommaegrial usein sourceformfromLosAlamosNationalLaboratory.
Pleasecontactthe authors for more information.

1. Introduction

This manualdescribeghe Streams-Qanguageandcompiler sc2is a new implementatiorof Streams-(3], a parallel
languagdollowing the communicatingprocessemodel. Thelanguageconsistof a smallcollectionof additionsto C in the
form of new datatypesandintrinsic calls. The sc2compilertranslateghe C programinto RegisterTransferLevel (RTL)
VHDL thatcanbesynthesizedo FPGAs.

In the manualwe describehelanguagesxtensionsdefinethe subsebf C thatwe cantranslateto VHDL, andsketchthe
compilerimplementation sc2definesprocesseshatcommunicatelataover streamsandeventsvia signals A processnay
bea softwareproces{SP)on a corventionalprocessopr a hardwareprocesgHP) onanFPGA.Thesc2compileris usedto
translateHP processet VHDL. SPprocessesyhich usea softwarelibrary includedwith sc2,arecompiledby the native C
compilerof the system.

Theoriginal Streams-Compilertargetedthe AnnapolisMicroSystemaildforce FPGAboard. Thesc2compilerrelease
provideshardware librariesfor the AMS Firebird, which containsa single Xilinx Virtex E on a 64-bit PCI bus. The sc2
softwarelibrary is basedn Linux.

1.1. Scope of this Reference Manual
The purposeof this referencenanualis to presenthe uniquefeaturesof Streams-Calongwith examplesof its use. This

referenceguideis notintendedo beareferenceonthe ANSI C programminganguageAlso, it is assumedhatthereadeliis
familiarwith parallelprogrammingandthe communicatingorocessmodel.



1.2. Conventions

All C syntaxcorventionsarefollowed for Streams-CThe codeappearingn the body of a Streams-Qorocessdoesnot
introduceany non-Csyntax.New constructsappeain theform of predefinedypesandintrinsic functionsandin directives
(in commentlocks)to the sc2compiler

Wheneer a Streams-Qonstruct- predefinedype, intrinsic function, etc. is referenced- it will be shavn in bold face,
with all C andusersuppliedinformationinterspersedh the constructin regulartype. All sc2predefinedypesandintrinsic
functionshave the prefacesc. aspartof theirname.

An explanationof languagdeatureghatarerestrictedn the currentimplementatiorof the compilerareidentifiedby * (1)’
precedingor following the manualtext, asappropriate.Examplesof illegal codeareprecededy anitalic warningstating
thattheexampleis illegal.

A looseBNF notationis usedto describesyntax. Whena catgyory in anglebracletscontainsthe string “name? it must
bea C identifier, eg. <streamname> denoteghe nameof a streamandthenamemustconformto C identifierformat.

2. Programming Model

Theconcepbf usingField Programmabl&ateArrays(FPGAs)ascustomizableomputesngineseganin thelate1980’s,
andsincethen, mary realizationsof thatconcepthave beendevelopedthat have deliveredthe promisedperformanceaccel-
eration.However, that 10x-100xof performancehatcanbe obtainedfor suitableapplicationson Reconfigurabl€€omputers
(RCCs)hasbeenat the costof 10x-100xincreasean difficulty of applicationdevelopment. FPGA-basedystemsffer the
programmaubilityof software,allowing a vastnumberof applicationsandapplicationvariantsto be mappedontothem. De-
spitemary promisingresearctefforts, the mainstreanof applicationdevelopmenimustuseComputerAided Design(CAD)
tools that are orientedtowardshardwareratherthan software development,characterizedby high costof the tool set,long
compiletimesif areasonabldevel of abstractiorandportability aredesired,andmostimportant,the necessityof develop-
ing andcompletelyunderstandinghe cycle-by-g/cle behaior of millions of gatesspanningmultiple FPGA chipsandfixed
functionunits.

In recentyearsaconcertecffort hasbeenlaunchedo remedythedesigntool problem.Many of theseoolsareembedded
in highlevel designsimulationervironmentgPtolemy Khoros,MatLab,HandelC)([7], [8])or target“dusty deck” sequential
proceduratode([4]), while otherstargetlow level, technology-specifiqpptimizeddesigng[1], [6]).

The sc2 languagerepresentan intermediateapproachbetweenthosevery high level and very low level designtools.
Our target machineis an attachedparallel processoisuchas the AnnapolisMicrosystemsFirebird. ThesePCI or VME
acceleratorsit on the I/O bus of a cornventionalworkstationor PC. They include multiple FPGAsinterconnectedby both
fixedandprogrammableesourcesThe FPGAshave accesgo local or sharedSRAM chips,andhave somerelatively slow
methodof communicatingvith the workstation.

With currentcompilertechnologyparallelizationof the applicationandmappingto the FPGAboardarchitecturearebest
performedby theapplicationdeveloper Thisis in keepingwith methodsf programmingcornventionalparallelmachinesin
which theapplicationdeveloperusuallymanuallyparallelizeghe programandinsertsmessage-passirandsynchronization
logic. However, it is our thesisthatthe applicationdevelopershouldnot have to be a hardwaredesigneiin orderto develop
reasonablyefficient programs that clock-cycle-level of specificationshouldnot be required. With this middle approach,
softwareengineerknowledgeablén parallelprogrammingcancreateapplicationson FPGA-basegbrocessors.

The sc2modelembodieghe above designgoals. Our programmingmodelis targetedat stream-orientedFPGA appli-
cations. Characteristicef stream-oriented¢omputinginclude high-data-ratdlow of oneor more datasourcesfixed size,
small streampayload(onebyte to oneword); compute-intensie operationsusuallylow precisionfixed point, on the data
stream;accesgo small local memoriesholding coeficientsand other constantsand occasionakynchronizatiorbetween
computationaphases.

Thesc2languages actuallya smallsetof annotationsandlibrary functionscallablefrom a corventionalC program.The
annotationsare usedto declarea process, stream, or signal, andto assignresource®n the FPGA boardto thoseobjects.
Thelibrary functionsareusedto communicatestreamdatabetweerthe processes.

sc2follows the CommunicatingSequentiaProcesse$CSP)[5] parallelprogrammingmodel. The implementatioris a
combinationof annotationsand library functionscallablefrom C. This is for pragmaticreasonsas our compileris built
within the frameawork of the SUIF compilerinfrastructurewhich bestsupportsC andFortran. In our model,therearethree
distinguishedbjects,processesstreamsandsignals. A procesds anindependentlyexecutingobjectwith a processody
(the“run function”) thatis givenby a C subroutine A processcanrun on a corventionalprocessoor onan FPGAchip. An



/1] PROCESS FUN <function_nane>

/1] 1N STREAM <stream el enent _dat a_t ype_nane> <stream nane>
... other input streans ...

/1] OUT_STREAM <stream el enent _data_type_name> <stream nanme>
... other output streams ...

/1] 1N _SIGNAL <signal el enent_data_type nane> <signal nane>
... other input signals ...

/1] OUT_SIGNAL <signal el enment_data_type_name> <signal _name>
... other output signals ...

/1l PARAM <par anet er _t ype_nanme> <par anet er _nane>

... other paraneter declarations ...

/11l PROCESS_FUN_BCDY

... Ccode ...

/11 PROCESS _FUN_END

Figure 1. Format of a Streams-C Run Function

FPGAprocessnustbewrittenin asubsebf C (subsetlefinedbelow in Section6). In addition,intrinsic functionsto perform
streamor signaloperationamay be referenced.Processesmay be initiated dynamicallyduring execution. A processuns
until it exits with areturnstatementcontrolreacheshe endof the procesdody; or it is terminatedby its initiating process.
The sc2compilersynthesizehardwarecircuits for oneor more FPGAsaswell asa setof communicatingprocessesn

corventionalprocessorsThe compilerincludespreviously reportedeatureq[2]) extendedo pipelinedstreamcomputation,
sothatthe generatedhardware/softvareis capableof pipelininga computatioracrossmultiple FPGAsandthe corventional
processarOur systemincludesa functionalsimulationenvironment,allowing the programmeto simulatethe collectionof

parallelprocesseandtheir communicatiorat the functionallevel.

3. Declaring Processes, Streams, and Signals

3.1. Graphical Description
3.2. Textual Description

This sectiondescribeghe format for describingthe specificprocessesstreamsand signalsthat a Streams-CGorogram
uses. Thesedirectivesare embeddedn speciallyformattedblocks. Eachdirective mustbe on oneline. Eachdirective is
prependedby “///" startingwith thefirst characteof theline. Next, akeywordidentifyingthedirectve mustappeayfollowed
by parameter(sfo the directive.

Thefirst setof directivesdescribethe “run function” of a process.This is the body of codethat getsexecutedwhenthe
associateghrocesss initiated. The PROCESSFUN directive givesa nameto the run function,input andoutputstreamand
signalparameterdollowedby anoptinalparameteto be passedo the processwhenit is initiated. After the parameterthe
bodyof thefunctionappearasnormalC code usuallycontainingvariabledeclarationsstreamand/orsignalcommunication,
andcomputation A keyword directive is usedto markthe endof therun function.

The function nameis a C identifier The streamand signal namesare also identifiers,and can be usedwithin stream
operationswithin the body of the C code. The datatype of streamor signalelementsprecedeghe nameof the streamor
signalasin normalC syntax.A singleparameteto theprocesss alsopermitted.Theformatof the PROCESSFUN directive
is shovnin Figurel.

To describea processto Streams-Cthe PROCESSdirective is used. A processhasan associatedun function andis
of type “SP” (softwareprocess)r “HP” (hardware process).The PROCESSdirective optionally may be usedto declarea
1-dimensionahrrayof processes.

Theuseof <array spec- meanghatthe systemcontains<integer> numberof processesArraysof processeareoften
usefulto describesystoliccomputation.The type of eachprocessnustbe givenaseitherSPfor softwareprocessor HP for
hardwareprocesslf omitted,SPis assumedTheoptionalON clausemapstheprocesontoaspecificresourceof thesystem



/1] PROCESS <process_nanme> [<array_spec>] PROCESS FUN <process_fun_nane>
[TYPE [SP | HP]] <on_spec>

<array_spec> ::="[' <integer> ']’

<on_spec> .= [ ON <resource_nane> |

Figure 2. Format of a Streams-C Process Directive

/1] CONNECT <process_nane> <process_refl> <port> [ <fifo_spec>] \
<process_nanme> <process_ref2> <port> [ <fifo_spec> ]

<process_refl> ::= [’ <integer> '] |
"[’ <integer> .. <integer> ']’
<process_ref2> ::= [’ <integer> '] |
[T "1 [+]-] <integer> ']’
<port> = stream or signal nane froma PROCESS FUN directive

<fifo_spec> ::= FIFO_SI ZE <ui nt >

Figure 3. Format of a Streams-C CONNECT Directive

suchasa specificFPGA chip or processar The default for a softwareprocesds sc host; default for hardware processess
FPGA.Figure2 shavstheformatof the PROCESSdirective.

(1) Arraysof hardwareprocessearenotimplementedyet.

Thelastdirective CONNECT s usedto connectprocessesia streamsandsignals. To connecttwo processeshe name
of oneprocesss streamor signalis associateavith thenameof anotheprocesss streamor signal.In Figure3, the streanor
signalformal parametedefinedin the PROCESSFUN directive is genericallyreferredto asa port.

The <processref> is the nameof a procesghathasbeendeclaredn a PROCESSdirective. If the namedenotesan array
of processes subscriptmay be usedto selecta singleprocessnstance a rangeof processnstancesor a processnstance
relative to otherinstances.

Therelative notation“[! + integer]” or “[! - integer]” is usedin conjunctionwith arangeof processnstancesThe“!” is
usedn thesecondrocesseferenceandtakeson eachvaluein therangespecifiedby thefirst processnstance This notation
is usefulfor connectingprocessef a systolicarray For an exampleof the useof this directive to declareandconnectan
arrayof processesseeFigure4.

The <fifo_spec> is usedto setthesizeof the FIFOsat the sendeiandreceverrespectiely. If omitted,16-elementIFOs
areused.

(1): theconnectiondetweerprocessemustbeone-to-oneBroadcaspatternsarenotsupportedMany to oneconnections
arenot supported.

In this exampletherearetwo softwareprocessesalledsetupandfinish, and 10 instancesf a hardwareprocess. The
firstinstanceof p recevesstreamdatafrom setup.Instancesl through9 receve datafrom the previousinstance.The ninth
instanceoutputsdatato thefinish process.

4. Predeclared Integer Data Types

Streams-(providespredefinedunsignedandsignedinteger datatypesfor selectedvit lengthsrangingfrom 1 to 128, as
shawvnin Figure5. Thebit lengthswe supportarel, 2, 4, 6, 8, 12,16, 18, 20, 24, 32,40, 48, 64,128. A simplecornvention
is usedto namethesepredefinedypes. Signedtypeshave the namesc_int<bit_length>. Unsignedtypeshave the name
sc_uint<bit_lengtht>. Variablesof thesetypesmay be usedin a Streams-Cprogram. A streammay have one of these
Streams-Gntegertypesasits dataelementype (seeSection5.2).

Note: Currentlywe do notimplementall thesc.int types,sincethe A—RT library cannotbe usedreliably until it is made



/1] PROCESS FUN setup_run
/1] QUT_STREAM sc_ui nt4 data
/11l PROCESS_FUN_BODY

... beginning of C code ...
/11l PROCESS_FUN_END

/1] PROCESS FUN finish run

/1] 1N STREAM sc_ui nt4 processed data
/11l PROCESS_FUN_BCDY

... beginning of C code ...

/11 PROCESS _FUN_END

/1] PROCESS FUN p_run

/1l 1N STREAM strl sc_uint4
/1] QUT_S sc_uint8 str2

/11 PROCESS_FUN_BCDY

... beginning of C code ...
/11 PROCESS _FUN_END

/1] PROCESS setup PROCESS FUN setup_run

/1] PROCESS p [10] PROCESS_FUN p_run TYPE HP
/1] PROCESS finish PROCESS FUN finish_run
/1] CONNECT p[O].strl setup.data

/1] CONNECT p[1 .. 9].strl p[!-1].str2
/1] CONNECT p[9].str2 finish. processed_data

Figure 4. CONNECT Directives Example



Signed Unsigned
scuintl
scint2 sc.uint2
scint4 sc.uint4
scint6 sc.uint6
sc.int8 sc.uint8
scintl2 | scuintl2
scintl6 | scuintl6
scintl8 | scuintl8
scint20 | scuint20
scint24 | scuint24
scint32 | scuint32
scint40 | scuint40
scint48 | scuint48
scint64 | scuint64
scintl28 | scuintl28

Figure 5. Streams-C Data Types

threadsafeWe currentlydeclareall the typesexceptfor 40,48 and128bits. (Notethatthe 1, 2, 4, 6, 12, 18, 20 and 24 bit
typesarenotimplementedtorrectly)
Example: sc_int20 filter_coef;

(1): Arrays musthave basetype that matcheshe memoryto which the arrayis allocated. For example,if anarrayis
allocatedto an 8-bit on-chipRAM, thenthe basetype of the (possiblymultidimensionalarraymusthave a sizeof 8 bits.

5. Intrinsic Functions

IStreams-QGncludesseveral predefinedntrinsic functions. Thereare intrinsic functionsrelatedto processstreamand
signaloperationsandthoserelatedto bit manipulation. The processunctionsallow you to initiate anddestry processes.
The streamfunctionsallow you to open,close,read,andwrite streamsandcheckfor the endof a streamaswell astheerror
indicator Thesignalfunctionsallow you to postaneventandwait for anevent. The bit manipulatiorfunctionsallow youto
insertandextractbits. The predefinedntrinsic functionsaretabulatedin Figure6 anddescribedelow.

5.1 Functionsto Manage Processes

Therearethreefunctionsprovided to manageprocessesProcesseare definedusingthe directivesoutlinedin Section
3.2. A processobjectbagins executionafterthe sc_initiate functionis called. The processxameis thefirst parameteto the
function. Optionally, a specificinstanceof anarrayprocessnaybe specifiedwith anarrayreferencelf the processiameis
thatof anarrayof processesandthe arrayreferencds omitted, the entirearrayis initiated. The remainingparameters the
argumentto the process(es).

Theintrinsic functionsc_ter minate closesdown a processprocessnstancepr rangeof processes.
Thescmy.id functionreturnsthe processsid number Eachprocessasa uniqueid numberstartingat 1.

(I Id numbersareassignedn the orderthatprocessearedeclaredn the .scfile.
sc_initiate(<processname> [ [ <integer>"]" ] [, <processparameters ] )
sc_terminate( <processname>, <integer>)
sc_my_id ()

The initiate and terminateintrinsic functionsmay only be called from the C “main” or from other software processes.
They maynotbe calledfrom hardwareprocesses.

(I) The initiate andterminatefunctionscannotbe usedto initiate or terminatea hardwareprocess.Hardware processes
areautomaticallyinitiated at startup.To passa parameteto a hardwareprocessyou muststartthe processandhave it wait
for asignal,thenhave anothemprocessendthe parametevalueto the hardwareproceswia a signal.



ReturnType Name Arg1l Arg 2 Arg3 Arg 4

void sc_initiate (qualified)name | location parameters

void sc_terminate (qualified)name

void sc_stream_open name

void sc_stream_close name

sc_error_type | scerror name

Boolean Sc_stream_eos name

Int type sc_stream_read name

void sc_stream_write name value

<sc.int_type> | sc_wait name name...

void sc_post name value

<sc.int_type> | sc_bit_extract value startbit numberof bits

void sc_bit_insert destination deststartbit | numberof bits source

int sc_my_id

void sc_load_mem_from_array | memoryname | array offsetin memory | numberof gwords
void sc_.unload_mem_to_array | memoryname | array offsetin memory | numberof gwords

Figure 6.

5.2 Stream Processing Functions

Streams-C Intrinsic Functions

Thefirst operationto be performedon a streamis the streamopen. Sincea streamformal parameteto a processnustbe
eitherinput or output,it is notnecessarin a streamopenfunctioncall to specifya direction(unlikefile 1/0):
sc_stream_open(<streamname>)
The streamopenresetshe streaminternalstate. Thereareno errorconditionsassociateavith a streamopen.
Whenthestreamis nolongerneededit maybeclosed:
sc_stream_close(< streamname>)
Thestreanclosewritesan“end-of-stream’'tokento theoutputstream.Thereareno errorconditionsassociateevith astream

close.

Somestreamoperationsnightresultin anerror. To checkfor anerroronastreamthesc_error functionmaybecalled:
sc_error _type sc_error(<streamname>)

(1): Currentlyonly oneerroris defined:overflow, whichis 1. No erroris azero.

On aninput streamwo additionaloperationanay be performed:end-of-streantestandstreamread. The end-of-stream
testchecksto seewhethera “close” operationwas performedon the streamby the streamwriter. 1t doesthis by checking
the currentelementat the headof the stream. If this elemenis the distinguished‘end-of-streamtoken, a “true” valueis
returnedptherwisea “f alse”valueis returned.

The streamreadtries to readthe next streamelement,andblocksif the streamis empty A readoperationon a closed
streamreturnszeroandsetsthe end-of-streanflag. Thusthe correctsequencef operationds to do aninitial streamread
followedby aloop conditionalon the end-of-streantondition.

Booleansc_stream_eos(< streamname>)
This operationis only allowedon input streams.
<sc[ulint_type> sc_stream_read(<streamname>)

This function returnsa streamelementof the Streams-Qnteger datatype associatedvith the stream(seeSection4 for
a list of Streams-Onteger datatypes). If the streamis closed,zerois returned,and a subsequentall to sc_stream_eos
returnsTrue. If anerrorwasencountereda subsequentall to sc_error (<streamname>) returnsthe error andclearsthe
errorindicator The streanreadfunctionis only allowedon input streams.

Outputstreamsnay bewritten:
sc_stream_write(<streamname>, <value>)

The streammustbe a writable streamandthevaluemustbe coercibleto the streamdatatype.



5.3 Signal Functions

Signalsareusedfor directedoccasionatommunicatiorbetweerprocessegypically for synchronizationTwo operations
arepermittedon signals:postandwait. A parametemaybe passedvith thesignal.
<scint_type> sc_wait(<signalnamelist>)
The procesgecevesa signalpostedby the signalwriter. If a signalhasnot yet beenposted the processwaits. If thewait
statemenspecifieamorethanonesignal,the statementeturnswheneaer oneof the signalsin thelist hasbeenposted.
sc_post(<signalname>, <value>)
Thesignalis postedalongwith theparameterover-writing ary previously postedsignals.Theprocescontinuesmmediately
If acknavledgements desiredthereceving processhouldposta differentsignalbackto the senderandthe sendershould
wait for theacknawledgingsignal.

5.4 Bit Manipulation Functions

Therearetwo functionsthatareusefulfor bit manipulation:extractingbits andinsertingbits. For boththesefunctions,
thestartbit is thelow orderbit andthe numberof bits countsfrom the low orderbit.
<sc.int_type> sc_bit_extract(<value>, <startbit>, <numberof_bits>)
This function returnsa contiguousrangeof bits extractedfrom <value>, startingat the specifiedstartbit for the specified
numberof bits.
sc_bit_insert(<destination>,<d_startbit>, <numberof_bits>, <source>)

Thesources insertednto thedestinatiorstartingatbit <d_startbit> for <numbertof_bits>. Truncationor signextension
areperformeddependingn theunderlyingdatatype. The sources anexpressionandmay itself bea bit extractoperation.

55 Miscellaneous Constructs
5.6. Memory Functions

Two functionsareprovidedto write to andreadfrom memorieson the FPGA. The memoriesarenamedmem0, mem1,
mem2, mem3 andmem4 for the Firebirdboard.
sc_load_mem_from_array(<memoryname>,<array>, <memoryoffset>, <numberqwords>)
sc_unload_mem_to_array(<memoryname>,<array>, <memoryoffset>, <numberqwords>)

5.7. Macros

The IF_SIM macrois providedfor corvenience.The body of the macrois executedin simulationmodeandomittedin
synthesisnode.A correspondingN _NSIM macrois providedto includecodefor synthesidut not simulation.

Othercorvenientdirective include: /// HARDWARE_INCLUDE /// HARDWARE_INCLUDE_END Thesedirectvesare
usedbeforeandafterincludefiles andmacroshatmustbeincludedin the generatedcf file for synthesisMostincludefiles
suchasstdio.hor math.harenot includedwith theinput to the synthesiscompiler Puttingincludefiles into the hardware
includeblock ensureghatthosefiles will getincludedin the synthesisompile.

Similarly, for coderun on the host, the directives: /// SOFTWARE_INCLUDE /// SOFTWARE_INCLUDE_END are
provided. Thesedirectivesareusedbeforeandafterincludefiles andmacroghatyouwantincludedin thegeneratedsim.cpp
and_syn.cppfiles.

6. Hardware-Supported Subset of C

e Dynamicmemoryallocationis not supported
¢ Pointersarenot permitted.Indirectreferencemustbe accomplishedhrougharrayreference.
¢ Cvariablemustbedeclaredatthe beginningof the process.

e Cannotdeclard in afor loop,i.e. for(int i=0; ijn; i++)



¢ Do notusethe#pragmaSCpipelinepragmain hardwareprocessewshich containscwait() calls. Signalsarenot fully
implementedn hardware.

¢ Arraysof processearenotimplementedn hardwareyet.

7. Style I ssues

7.1. Optimization Hints
¢ Usefunctionssc bit_insert()andsc bit_extract()insteadof the shift left or shift right (" <<” or " >>") operators.

7.2. Simulation vs. Synthesis

Occasionallyit is usefulto write the codein oneway for simulationandslightly differentfor synthesisThelF_SIM macro
is providedfor this purpose.

We have foundthat C compilerbugssometimesausdargelocally allocatedarraysto getcorrupted.Thusto circumvent
thebug in simulation thearrayis globally allocatedduring simulationandlocally allocatedfor synthesis.

8. Using sc2
8.1. Compiler Organization

A Streams-CGprogrammay be simulatedat the functionallevel (seefigure 7). Our functional simulatorusesthe Linux
pthreadgackageo supportconcurrenprocesseandstreamcommunicationAt this level, the programmercanusecorven-
tionalsoftwaredetuggersaand“print” statementto understandheparallelprogramsconcurrenyg behaior. Theprogrammer
candetectmary potentialdeadlockandlivelockconditions,andgeta goodapproximatiorfor buffer sizesrequiredfor correct
programexecution.

Our simulationtools usethe/ / / annotationgo generatea C++ programthat links the processfunction body with the
simulationlibrary. The generatedC++ sourceprogramis then linked with our “ptstreams”library to producea Linux
executablethat canrun on the Linux workstation. The processof compiling for simulationis describedn greaterdetail
in Section8.2.

Whentheprogramis compiledfor synthesistherearebothsoftwareandhardware“object” files generatedThe software
executablecontainsall software processesswell asthe runtime systemto communicatewith hardware processes.The
hardwarebit stream(s)containall the hardware processeaswell asthe hardwarelibrariesfor streamcommunicatiorand
sequenceontrol. Compilingfor synthesiss describedn greaterdetailin Section8.3.

Note: A pre-processorcorvertsthe .scfile into C++ or C for the simulationor synthesigprocessespectively Thepre-
processoparsesonlythe”///” directivesanddoesnot detectsyntaxerrorsin theuser’scode Thusyoushouldexpectto get
error messgesfromthe C++ or sc2synthesicsompilerrelativeto thegeneatedcode

8.2. How to compile for simulation
8.3. How to compile for synthesis

To compilea <programname>.scfile for synthesisusethestandardtreams-Cnalkefilewith atargetof <programname>.vhd.

ThevhdL_lib manualdescribediow to synthesisandplaceandroutethe VHDL to createa bit streamfor theboard.

Therearenumerouphaseandintermediatdiles createdon the pathfrom .scto the .vhd output. Any of theintermediate
targetsmay be specifiedasatarget,if desired.

1. .sc— .cf corvertsthe"///” annotationsnto C pragmador the synthesicompiler
2. .cf — .sntappliesthe SUIF snootC parser{asmodifiedfor Streams-C)

3. .snt— .spfappliesnumerougporky passes$o eventuallygenerateninputfile into the sc2compilerpasses.



app.sc
pre-processor

Synthesis Simulation
Runtime app_wf.cpp app.cf ‘ app_sim.cpp
Library

Synthesis e
Compiler

app_cpe0.vhd
app_pel.vhd

Hardware
Library

Figure 7. Organization of the Compiler

4. .spf— .spgperformsthefirst sc2passto normalizethe syntaxtreeandenforcethesc2C subset.

5. .spg— .zsdis the major sc2 passthat schedules eachhardware process.A porky passis thenappliedto dismantle
controlstructure.

6. .zsd— .vhdrunsthevhdl geneator overthe scheduledSUIF representation.

Streams-C Pragma Format

Whencompilingfor synthesisascriptcorvertseach///” blockin the.scfile into aC pragma.ThenormalSUIF process-
ing incorporateghe pragmasnto the syntaxtree. The normalize,scheduleandvhdl generatousethe pragmainformation
during translation. Eachpragmais taggedwith the keyword “SC” followed by the nameof the option (PROCESSFUN,
PROCESSor CONNECT)andtheadditionalqualifiersapplicableto eachoption. The pragmamustbeonasingleline. The
formatof the PROCESSFUN pragmais shovnin Figure8.

The PROCESSpragmais shovn in Figure9. Eachclauseis required.If thereis a singleprocessnstancethearray-spec
is written “ARRAY 1 If noon_specwasgivenin the.sc,a defaultnameFPGAIis used.Thedefault for softwareprocesses
is sc host.

The CONNECTpragmais shovn in Figurel0. If the processramespecifiesanarrayof processes specificinstanceor a
rangemay bechosen.The PORT refersto a streamor signalpreviously definedin a PROCESSFUN pragma.Theto_range
useghe"!” symbolto denoteall instancesn the <from_range>, andthe secondo_rangeparametemaybea signedinteger
denotinganoffsetfrom therange.

Example
For the exampleprogramshown in Section8.4,thefollowing .cf directvesaregenerated:

# pragnma SC PROCESS FUN host1l run OUT_STREAM sc_int32 "out put_streani PARAMint "iterations"
# pragna SC PROCESS FUN host2 run | N _STREAM sc_int32 "input_streant

# pragna SC PROCESS FUN controller_run IN STREAM sc_int32 "input_strean OUT_STREAM sc_int32 "



#pragma SC PROCESS FUN <function_nanme> [<stream signal |ist>] [<paraneter>]

<streamsignal list> ::= <streamsignal> [ <streamsignal> ... ]
<stream si gnal > = <instreanr | <outstreant | <insignal> | <outsignal>

<i nstreanp
<out st r eanp
<i nsi gnal >
<out si gnal >

I N STREAM <t ype_nane> <stream nane>
QUT_STREAM <t ype_nane> <stream nane>
I N_SI GNAL <type_nane> <signal nane>
QUT_SI GNAL <type_nane> <signal _nane>

<par anet er > 11 = PARAM <t ype_name> <par anet er _name>

Figure 8. PROCESS_FUN Pragma

#pragma SC PROCESS <process_hame> <array_spec> <process_fun_spec> \
<t ypespec> <on_spec>

<array_spec> : 1= ARRAY <int>
<process_fun_spec> ::= PROCESS FUN <nane>
<type_spec> .= TYPE HP| SP

<on_spec> ::= ON <resource_nane>

Figure 9. PROCESS Pragma

#pragma SC CONNECT <process_nhame> <from spec> <port_spec> <fifo_spec> [ <regi ster_base>]\
TO <process_nane> <to_spec> <port_spec> <fifo_spec> [<register_base>]

<from spec>
<from range>

I NSTANCE <int> | <fromrange>
RANCE <i nt > <int>

PORT <nane>

<port _spec>

<t o_spec>
<t o_range>

I NSTANCE <int> | <to_range>
RANGE ! <int>

<fifo_spec> FI FO_SI ZE <ui nt >

REG STER_BASE <hex>

<regi ster_base> :

Figure 10. CONNECT Pragma



# pragna SC PROCESS FUN peO proc_run IN STREAM sc_int32 "input_streant OUT_STREAM sc_int32 "ou
#pragma SC PROCESS control l er ARRAY 1 PROCESS FUN controller_run TYPE HP ON PEO
#pragma SC PROCESS peO_proc ARRAY 1 PROCESS FUN peO_proc_run TYPE HP ON PEO

#pragma SC PROCESS host 1 ARRAY 1 PROCESS FUN host1 run TYPE SP ON sc_host

#pragma SC PROCESS host 2 ARRAY 1 PROCESS FUN host2_run TYPE SP ON sc_host

#pragma SC CONNECT host 1 | NSTANCE O PORT "output_stream FIFO SIZE 16 TO controller I N
STANCE 0 PORT "input_stream FIFO SIZE 16 REG STER BASE 0x0

#pragma SC CONNECT controller | NSTANCE O PORT "out put_streant’ FIFO SIZE 16 TO peO_proc I N
STANCE 0 PORT "input_streanmt FIFO_SIZE 16

#pragma SC CONNECT peO_proc I NSTANCE O PORT "out put _streant FIFO SIZE 16 REQ STER BASE 0x3 TC
STANCE 0 PORT "input_streani FIFO SIZE 16

8.4. Examples

This sectioncontainsseveral Streams-Gxamples.Thefirst exampleis a simplepass-througipipelineandillustrateshow
to defineprocesseandstreamsandhow to usethe streamintrinsics.

8.4.1 Examplel: Passing Datain a Pipeline

This programstrm?2.schastwo software processeandtwo hardwareprocessesasshowvn in Figure11. Thefirst software
processhostl with runfunctionhostlrun opensanoutputstreamandwritesa sequencef integersto thestream.Thebound
on the loop (“iterations”) is setby the input algumentto the programinvocation(eg. the invocation“strm 400" causesa
sequencef integersfrom 0 to 399to bewritten to the outputstream).

The streamsentby hostlgoesto a hardware processcontrollerwith run function controllerrun. This processsimply
forwardsthe streanto the next hardwareprocesspeQprocrun.

(1): Note the useof a pipelining pragmain the while loop of processcontroller The currentversionof the compiler
automaticallypipelinesfor loops,but only pipelineswhile loopswhenthereis a pipelinepragma.

peQprocrun hastwo phases.Firstit copiesits input streamto memory Whenthe whole streamhasbeenreadinto
memory it readshackthe datain reverseorderandwritesto its outputstream.

Thefinal processhost2,usingrun functionhost2run, readghe streamfrom peQ proc run andprintsoutthe datareceved
from the stream.

The main programparseshe input parameteandtheninitiates all the processesA terminateis not necessaryasthe
processeterminateuponexit from therun function.

The IF_SIM macrois providedfor corvenience.The body of the macrois executedin simulationmodeand omittedin
synthesismode.



Software Software
Process Process
1 2
Hardware Hardware
Process Process
3 4

Figure 11. Process inter connection for Example 1

/* Exanpl e streams-c test program

* Al gorithm

hostl wites integer values 0 to "iterations" out to the
controller process via a stream The controller wites
the values to the peO_proc process via a stream The
pe0_proc stores the integers in an array and then

wites themto the host2 process in reverse order and the
host2 prints them out.

LR I DR I

~

tests stream nodul es, pipeline nodules, nenory interface

#i ncl ude <stdio. h>
#defi ne MAX 5000

/11 SOFTWARE_| NCLUDE

/1l After place and route, uncomment these and set to val ues
/1 then reconpile to create new _syn.cpp.

/I #define SC UCLK <sone val ue>

/] #define SC MCLK <sone val ue>

/11 SOFTWARE_| NCLUDE_END

voi d usage(char* ProgranNane)

{
printf("USACE: % <# iterations> (% is default, max is %)\ n",
ProgramName, MAX, MAX);
}

int parse_input_pars(int argc, char **argv)
{ char* Program\ane;

ProgramName = argv [0];

printf("StreanC Menory test\n");

int iterations = MAX;



if(argc == 2) {

}

r

}
111

int i;

sscanf (argv[1l], "%", & );

if (( i>=0) && (i <=MAX))

iterations = i;
el se usage(Programane) ;
else if (argc !'=1)

usage( Progr amNarne) ;
eturn iterations;

PROCESS FUN hostl run

/1] OUT_STREAM sc_i nt 32 out put_stream

/11 PARAM int iterations
/11 PROCESS FUN BCDY
sc_int32 i;

printf("Process hostl entered\n");

printf("iterations = %\ n",

iterations);

sc_stream open(out put _stream;

printf("Process hostl opened stream output_stream n");

f

}

or(i=0; i<iterations; i++) {

printf("Process hostl witing stream output_streamwth:

sc_streamwite(output_stream i);

printf("Prcess hostl C osing streamoutput_streamn");

sc_stream cl ose(out put _stream;

printf("Process hostl exiting\n");

/11 PROCESS_FUN_END
/1] PROCESS FUN host2 run
/1] 1N STREAM sc_i nt32 input_stream
/11 PROCESS_FUN_BCDY
sc_int32 j;

printf("Process host2 entered\n");

sc_stream open(i nput_stream;

printf("Process host2 opened stream

i nput _stream n");

%\ n",

(int)i);



printf("Process host2 reading stream input_streamn");
j = sc_streamread(input_strean);

whil e(!sc_stream eos(input_stream) {
printf("Process host2 read %d fromstream input_streamn", (int)j);
j = sc_streamread(input_strean);

}

printf("Process host2 Closing streaminput_streamn");
sc_stream cl ose(i nput _stream;

printf("Process host2 exiting\n");

/11 PROCESS_FUN_END

/1] PROCESS FUN controller_run

/1] 1 N_STREAM sc_i nt 32 i nput_stream
/1] OUT_STREAM sc_int32 output_stream
/11 PROCESS_FUN_BCDY

sc_int32 i;
IF_SIMprintf("Process controller enteredin"));

sc_stream open(i nput_stream;
IF SIMprintf("Process controller opened stream input_streamn"));

sc_stream open(out put _stream;
IF_SIMprintf("Process controller opened stream output_streamn"));

i = sc_streamread(input_strean);
whil e(!sc_stream eos(input_stream) {
#pragma SC pi pel i ne
sc_streamwite(output_stream i);
IF_ SIMprintf("Process controller read and wote % fromstream input_streamn”, (int)i))
i = sc_streamread(input_strean);

}

IF_ SIMprintf("Process controller Cl osing streaminput_streamn"));
sc_stream cl ose(i nput_stream;

IF_ SIMprintf("Process controller Cl osing stream output_streamn"));
sc_stream cl ose(out put _stream;

IF SIMprintf("Process controller exiting\n"));

/11 PROCESS_FUN_END

/1] PROCESS FUN peO_proc_run



/1] 1IN STREAM sc_int32 input_stream
/1] OUT_STREAM sc_int32 output_stream
/11 PROCESS_FUN_BODY

sc_int32 i, il;
sc_int32 A[5000];

IF_SIMprintf("Process peO_proc entered\n"));

sc_stream open(i nput_stream;
IF_ SIMprintf("Process pe0_proc opened stream input_streamn"));

sc_stream open(out put _stream;
IF_SIMprintf("Process peO_proc opened stream output_streamin"));

il = sc_streamread(input_stream;
i = 0;
whil e(! sc_stream eos(input_stream) {
#pragma SC pi pel i ne
Ali] =il
IF_SIMprintf("Process peO_proc read %l fromstream input_streamin", (int)il));
il = sc_streamread(input_stream;
i++ /* max of 5000 is enforced at host */
}
for (i=i-1; i>=0; i--) {
#pragma SC pi pel i ne
sc_streamwite(output _stream Ali]);

IF_ SIMprintf("Process pe0 _proc wote % fromstream input_streamn", (int)Ali]));
}

IF_ SIMprintf("Process pe0_proc O osing streaminput_streamn"));
sc_stream cl ose(i nput _stream;

IF_SIMprintf("Process peO_proc O osing stream out put_streamin"));
sc_stream cl ose(out put _stream;

IF_ SIMprintf("Process pe0 _proc exiting\n"));
/11 PROCESS _FUN_END
/1
/1 process definitions
/1
/1] PROCESS controll er PROCESS FUN controller run TYPE HP ON PEO
/1] PROCESS peO_proc PROCESS FUN peO_proc_run TYPE HP ON PEO

/1] PROCESS host1l PROCESS FUN hostl run

/1] PROCESS host2 PROCESS FUN host2 run



/1
/1
/1

/1
/1
/1

connecti ons

/ CONNECT host1.output_stream controller.input_stream
/ CONNECT controller.output_stream peO_proc.input_stream
/ CONNECT peO_proc. out put_stream host 2. i nput _stream

void main(int argc, char *argv[]) {

9.

int iterations = parse_input_pars(argc, argv);
sc_initiate(host?2);

sc_initiate(controller);
sc_initiate(pe0_proc);

sc_initiate(hostl, iterations);

Compiler Implementation Notes
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